INTRODUCTION
Interpretation of a diagnostic test result requires knowing what proportion of patients with similar results and pretest probabilities have the diagnosis in question. In principle, such information may be derived from test performance descriptions in the medical literature, but diagnostic likelihood ratios are often not readily available or may be based on different clinical populations, rendering them non-applicable. A summary of diagnostic test performance on "patients like my patient," based on data available from local electronic medical records (EMRs), might be useful as decision support to both physicians and their patients in many situations.
Our hypothesis was that combining local demographic and physician practice data from EMRs with laboratory diagnostic information would yield post-test probabilities that are accurate and, in some cases, give more pertinent, patient-specific information than estimates available from literature. In addition, most multifactorial analyses are not intuitive to clinicians or patients, limiting their expediency. We identified nearest-neighbor analysis as a method that could facilitate multifactorial integration of diagnostics with clinical outcomes data. We describe a simplified nearneighbor analysis that yields probabilities intuitively understood by clinicians and patients and can be reasonably implemented by hospitals and laboratories with generally available statistics software.
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We present the example of celiac disease to illustrate the potential clinical utility near-neighbor analysis. Celiac disease is an example of a condition that is initially evaluated in the primary care setting, may be difficult to diagnose, affects a large number of patients, and can be treated effectively by generalists. Because treatment requires substantial lifestyle modifications, diagnostic accuracy is crucial. Although many general internists and pediatricians feel comfortable diagnosing uncomplicated cases, knowing when to refer patients to specialists for invasive diagnostic procedures is important. Near-neighbor analysis can be used as a tool to gather information about the performance of diagnostics in the hands of both experts and generalists to illustrate where additional value is gained with expert opinion.
The diagnosis of celiac disease incorporates clinical information with results from imperfect laboratory tests.
1,2 Tissue transglutaminase IgA (tTG IgA) testing has become the favored initial test, often followed by duodenal biopsy to provide final confirmation of a presumptive diagnosis based on improvement of symptoms with diet modification. [3] [4] [5] However, multiple diagnostic algorithms exist, many immunoassays are available for screening, correlation between pathologists in diagnostic biopsies is not perfect, and recent studies have questioned the need for biopsy before diet modification, particularly in pediatric populations with high tTG IgA levels. [6] [7] [8] [9] [10] Not surprisingly, physician adherence to clinical guidelines is not uniform.
3 Shared physician-patient decision-making may be important, particularly in light of varying individual thresholds for dietary modification. 11, 12 We used deidentified data from Intermountain Healthcare in a pilot study to evaluate whether near-neighbor analysis might improve decision support presented to clinicians along with tTG IgA test results.
METHODS

Development of Near-Neighbor Analysis Method Using Local Data
We sought a method that could report a likelihood ratio or the probability of a presumed diagnosis being true based on multiple clinical factors. Nearest-neighbor algorithms are one method to categorize cases using complex information by plotting a case in a graph where each factor is a separate dimension, and looking at the distance from the point defined by the case with other, already categorized, points in the factor space. 13, 14 For simplicity of illustration and calculation, we chose to use boxes or "hypercubes" centered on the patient's clinical characteristics and laboratory values. Similar methods using hypercubes have been described by others. 13, 15 Briefly, a set of individuals with known diagnostic outcomes defines outcome distributions in a multi-dimensional test space, with each diagnostic measure defining a separate dimension. Each individual's values define a point in this multidimensional space. The area in close proximity to an unknown patient's diagnostic point (near-neighbor space) contains previously identified cases (those with the disease of interest) and controls (those without the disease of interest) that are most similar to the test patient for the diagnostic measures (see Fig. 1 ). We used counts of cases and controls in the near-neighbor space to calculate the binomial probability and confidence intervals that the unknown patient is a case.
We provide our function in R statistical programming language (http://www.r-project.org/) to facilitate implementation of similar near-neighbor analysis by others (Supplemental appendix available online).
Study Sample
We retrospectively identified 3,207 individuals who had received any tTG IgA testing and a duodenal biopsy at one of the 17 hospitals or over 70 clinics associated with Intermountain Healthcare (Salt Lake City, UT) between Jan 2008 and Oct 2011. All tTG IgA testing Figure 1 . Illustration of the near-neighbor method for twodimensional analysis to predict probability of duodenal biopsy using only tTG IgA and patient age in a discovery sample of 1,000 Intermountain Healthcare patients. Natural log-transformed tTG 
Comparison of Local Data with Data from Meta-Analysis of tTG IgA Performance
In order to determine if test performance metrics derived from published literature accurately described local test performance, we calculated sensitivity, specificity, and positive and negative predictive values for our local tTG IgA performance and compared these values to the sensitivity and specificity reported in a recent metaanalysis. 16 
Determination of Potential Near-Neighbor Diagnostic Factors
There is no simple framework to determine optimal dimensionality for nearest-neighbor analysis, so for many clinical scenarios, some judgment may be necessary to identify potentially important local variables. Added dimensions decrease the number of near-neighbor observations for any patient increasing the width of confidence intervals around probability estimates (see Fig. 2 ). We considered age and tTG IgA as continuous variables and sex, specialty of ordering physician, and setting (inpatient/outpatient) as categorical variables that might predict biopsy results. Although alternative methods exist to select variables, we used univariate logistic regression to evaluate each factor individually, with duodenal biopsy result as a binary dependent variable and a cutoff of p<0.05 for nominal evidence that the variable might be useful in near-neighbor analysis. We used natural log transformations of tTG IgA, with ln(0) coded as −1, which produced a distribution that was more uniform than untransformed tTG IgA (see Fig. 1 ).
Based on previous observations of simulated nearneighbor samples, we examined physician specialty looking for cohesive specialty groups with at least 200 observations in the discovery set. We found two sufficiently large physician groups, gastroenterologists (n=417) and pediatricians (including pediatric subspecialists, n=270). The remaining observations (n=313), predominantly family medicine (n=111) and general internists (n =79), were grouped with those without physician specialty recorded (48 in discovery set). A larger sample may have facilitated addition of other variables or further subdivision of physician specialty.
Estimating Clinically Meaningful Near-Neighbor Space
In near-neighbor analysis, smaller cube sides create less smooth probability estimate curves and large confidence intervals around estimates (Fig. 2) . Conversely, larger cube sides produce less tailored probability estimates, but with smaller confidence intervals. At extremes, the largest cube size captures the entire data set and yields a maximally accurate estimate of the positivity rate for the entire population, and the smallest cube size captures only patients exactly like the patient in question, potentially producing inaccurate estimates for rare situations and no estimate for novel situations (see Fig. 2 ). Near-neighbor analysis using very large and very small cubes is shown as dotted black and dotted gray lines, respectively. In near-neighbor analysis, smaller cube lengths created less smooth probability estimate curves and larger cube lengths decreased the predictive power at high tTG IgA levels. This figure illustrates that box size for clinically meaningful probabilities and adequate smoothness can be determined empirically.
A clinically useful cube size will include enough patients to produce probability estimates that balance accuracy with precision. We found that optimal balance for the data available may vary by clinical situation and physician preference. In our sample, increasing cube size decreased the predictive power, particularly at high tTG IgA levels. We experimented with varying cube side lengths using the discovery sample to identify a cube length large enough to produce a smooth curve without sacrificing predictive power (middle line, Fig. 2) .
Comparison of Local Near-Neighbor Probability with Estimates from Published Sources
We compared probability estimates from near-neighbor analysis with probability estimates from two published sources: 1) the probability inferred from tTG IgA sensitivity and specificity, 16 which is most commonly used by physicians; and 2) probability from a published logistic regression using tTG IgA to predict biopsy results with similar criteria to our study. 17 We compared probability estimates by plotting these as a function of tTG IgA, the common variable in all methods. We then compared relative accuracy of near-neighbor analysis by using predicted probabilities as risk scores in ROC analysis performed with R ('colAUC function'). We also illustrated differences in probability predictions using Bland-Altman plots. Table 1 ). From our 95 % confidence intervals, we infer these were significantly different than sensitivity (0.89) and specificity (0.98) reported in recent meta-analysis. 16 
RESULTS
Comparison of Local Data with Data from Meta-Analysis of tTG IgA Performance
Selection of Important Local Diagnostic Factors and Hypercube Side Length for Near-Neighbor Analysis
Of the five variables considered, tTG IgA, age, and physician specialty were identified as factors to potentially include in near-neighbor analysis (p<0.05 in individual logistic regression). Gastroenterologists' patients appeared more likely to have positive biopsies regardless of tTG IgA and age, suggesting physician specialty may be important. It was apparent that pediatric specialty may be a surrogate for age, which would lead to a concern of confounding in many statistical analyses; however, in near-neighbor analysis this is not a concern so long as there are sufficient data to produce adequately precise probability estimates in all dimensions. If two or more variables create similar groups, one variable redundantly displays similar clustering seen in other dimensions, but this will not interfere with neighbor counts, as neighbors would stay close in all dimensions. Neither sex nor setting (inpatient vs. outpatient) was a significant predictor of biopsy results in initial analysis.
We chose a cube side length equivalent to drawing a box which goes ±10 years from the patient's age and ±0.54 from the patient's ln(tTG IgA) result (illustrated by the orange and green boxes drawn in Fig. 1 ). This cube captures on average about 1/25th of the patients in the discovery sample for each validation patient (see Fig. 1 and middle line, Fig. 2 ).
Probability Estimates Using Near-Neighbor Analysis
With the discovery sample of 1,000 individuals, the nearneighbor analysis incorporating tTG IgA, age, and ordering physician specialty was able to predict the probability of a positive biopsy for the 461 individuals in the validation set with a median probability confidence interval width of 27 %.
Comparison of Local Near-Neighbor Probability with Estimates from Published Sources
Visual examination of scatter plots of near-neighbor probability compared with other estimates revealed several situations where age and physician specialty might modulate the probability of a positive biopsy at Intermountain Healthcare (Fig. 3) . It is clear that estimates derived from sensitivity and specificity based on absolute tTG IgA cutoff don't facilitate the intermediate probabilities predicted by near-neighbor and logistic regression methods. In addition, there is a cluster of patients with relatively high probability of positive biopsy in near-neighbor analysis with low to moderate tTG IgA consisting of older patients, particularly those over 65 not seen by gastroenterologists. The patients with the lowest and highest probabilities of positive biopsy were very young patients, particularly those seen by pediatricians and generalists ('other' specialty). ROC analysis showed that near-neighbor and logistic regression predictions had similar area under the curve (AUC=0.81 and AUC=0.82, respectively), with estimates produced using sensitivity and specificity performing slightly worse (AUC=0.78) (Fig. 4) . Bland-Altman plots illustrate that despite similar ROC curves, there can be large differences in individual probability estimates generated by different methods (Fig. 5 ). Probability estimates derived from sensitivity and specificity incorrectly classify indeterminate results as either high or low probability (Fig. 5a) , and estimates based on the published logistic regression appear to overestimate probability of positive biopsy for most patients (Fig. 5b) .
DISCUSSION
We have shown that near-neighbor analysis can yield accurate probability estimates and can illustrate pertinent patient-specific and institution-specific information. In the example described, near-neighbor-derived probability estimates for positive duodenal biopsy based on institutionspecific data were a better reflection of local clinical practice than tTG IgA performance metrics in published studies. Some differences between local and general probability estimates may be because published studies do not reflect uniform medical practice. 18 For example, studies of celiac disease often exclude individuals already on a gluten-free diet, yet some patients begin diet modification before diagnostic testing or between screening and confirmatory tests. 16 In addition, diagnostic studies rely on multiple duodenal biopsies, as villous atrophy can be patchy; yet clinical practice regarding the number of biopsies is not uniform. 19, 20 Consequently, local differences in practice may explain discrepancies between near-neighbor probability estimates and those derived from published studies. Furthermore, near-neighbor analysis reports continuous likelihood where most published studies use only binary cutoffs, so the greatest discrepancies are often near cutoff values. Whatever the sources of deviation, local estimates are intuitively more applicable to individual physicians and patients. A corollary of this observation is that the specific results generated by our analysis may not be generalizable to other institutions. This is not a limitation of the nearest-neighbor approach, but rather, a strength, consistent with our hypothesis that local analysis may be necessary to provide accurate estimates of the true information content of diagnostic testing.
The practice of using local information to improve diagnostic decision support is not a new idea, 21, 22 but has yet to be adopted widely. We have described simplified nearneighbor analysis as one method of multifactorial analysis that is intuitive and relatively easy to interpret. Although other methods of analysis could be used on local data, we found simplified near-neighbor analysis was exemplary for relatively straightforward health-system-specific analysis because it is clinically intuitive and can be implemented by laboratorians or information technology staff using data that already exist in Figure 3 . Comparison of probability estimates of positive duodenal biopsy from near-neighbor analysis with those derived from published sensitivity and specificity and from published logistic regression. Black points-near-neighbor probability estimates for 461 individuals in the validation data set using tTG IgA and age, with near-neighbor estimates derived from the Intermountain Healthcare discovery data set. Red lines-probability estimates inferred from sensitivity and specificity reported by meta-analysis of tTG IgA studies. 16 Blue line-probability of positive biopsy using published logistic regression. Orange vertical lines show the tTG IgA manufacturer's cutoffs for "weak positive" and "moderate to strong positive." Figure 4 . ROC analysis comparing relative accuracy of nearneighbor analysis by using predicted probabilities as risk scores.
EMRs. Furthermore, near-neighbor analysis facilitates diagnostic decision support that captures idiosyncrasies of the local diagnostic environment. Decision support with these features would be particularly valuable for conditions are initially assessed and potentially managed in the primary care setting, yet may be diagnostically challenging and are frequently referred for specialist evaluation. We have tested near-neighbor analysis on simulated data sets of prostate cancer diagnosis with favorable results (data not shown). Other potential targets include disorders of thyroid function, autoimmune diseases, thrombophilia risk, anemia workup, and many others.
An important limitation of near-neighbor analysis is that it requires relatively large data sets for precise probability estimates, particularly when many variables are considered; however, EMRs are designed to gather such data. Another limitation is that near-neighbor analysis may generate wide confidence intervals for some probability estimates, particularly at distribution extremes and with small data sets. Although wide confidence intervals may be a concern, there are frequently situations where pertinent published data are simply not available, and nearest-neighbor analysis may fill in the gaps. In these situations, the drawback of the diagnostic reality of wide confidence intervals pales in comparison to the false certainty implied by artificially high sensitivity and specificity derived from studies with very narrow, clinically unrealistic scope. We believe that the near-neighbor approach encourages appropriate physician flexibility to consider unmodeled mitigating factors, when appropriate. Similarly, for our analysis, we ignored indeterminate and equivocal biopsy results in order to facilitate binomial comparison with published literature, but nearest-neighbor analysis can theoretically accommodate these data.
Information that encapsulates pre-test and post-test probabilities may be necessary for optimal shared decision-making by giving physicians and patients a view of other "patients like me." This concept is illustrated in the Text Box 1 with three examples from our data set. Local analysis could also lead to the identification of opportunities for clinical system improvement and quality control, such as a need for systematic duodenal biopsy performance to improve sensitivity. 6 Data aggregation could be extended to inform physicians about local practice patterns by creating decision-support statements such as, "General internists referred patients for gastroenterology evaluation in 5 % of patients in the same age group with similar tTG IgA values," or "For patients in the same age group with similar tTG IgA values referred for gastroenterology evaluation, biopsy was obtained in 70 % with a 94 % positivity rate." Ideally, the availability of accurate information on local diagnostic test performance will lead to reduction in redundant or invasive procedures. For celiac disease, these include situations where high tTG IgA levels may justify preemptive initiation of dietary modifications without biopsy. 11, 12 Local near-neighbor analysis may be useful in many management situations where there is a high degree of practice variability between institutions and individual physicians. For example, near-neighbor analysis could aid in summarizing the variable utility of pre- Figure 5 . Bland-Altman analyses. a Near-neighbor probabilities are compared to binary probability estimates derived from reported sensitivity and specificity. 16 b Near-neighbor probabilities are compared to estimates based on published logistic regression. Logistic regression appears to overestimate probability of positive biopsy for most patients. 17 operative cardiac evaluations in relation to clinical outcomes.
Text Box 1.
EMRs lend themselves to this type of decision support application. EMR-based query tools have long allowed queries for similar cases, but these have been used for research and education more than clinical care. 23, 24 Near-neighbor analysis can be used as a paradigm for linking diagnostic and outcome data through a data-driven process that is similar to the way physicians naturally develop intuitions about the performance of a test in their hands. Unlike results of published studies, local nearest-neighbor probabilities and practice patterns are readily updatable as medical practice changes under the influence of clinical decision support, taking the expression "meaningful use" to a new level.
